Introduction
Research and developmenti nt he field of lithium-ion battery materials is driven by the continuously increasing demands on high energyd ensitiesa nd low costs combined with an improvedc ycle life and safety.T oa chieve higher energy densities,a ne nhanced capacity and/or cell voltage is required. [1, 2] With regard to the latter option, LiNi 0.5 Mn 1.5 O 4 (LNMO) is one of the most promising candidates among high-voltage materials.L NMO features ad ominant potential plateau at 4.7 Vv s. Li/Li + + and at heoretical capacity of 147 mAh g À1 [1, [3] [4] [5] [6] [7] .T herefore, it exceeds the energy density of state-of-the-art LiNi x Co y Mn z O 2 (NCM, x+ +y+ +z = 1) materials that usually operate at ap otential of 4.3 Vv s. Li/Li + + ,w hich delivers only slightlyh igher theoretical capacities. [8, 9] Furthermore,t he use of LNMOc an greatly improve the costs of the raw materials and the environmental benignity of cathode materials because of the absence of expensive and toxic Co,a ne ssential component in NCM materials.M oreover, the spinel structure exhibits ah igh structural stability because of isotropic expansion/contraction duringl ithiation/delithiation. [10] As ar esult of the partial substitution of Mn by Ni, LNMOs hows an enhanceds tructural stabilitya nd capacity retention during cycling compared to LiMn 2 O 4 (LMO). [11, 12] However, the high operating potential of up to 5V vs.L i/Li + + leads to continuous electrolyted ecomposition andc apacity fadingd uring cycling as the electrolytes based on organic carbonate solvents that are used typically in lithium-ion batteries [13, 14] are not stable at these potentials.
Over the years,alarge varietyo fm ethods have been reported to synthesize LNMO.T he majority of these synthesis methods can be divided into those based on wet chemistry, which imply the formationo faprecursor in as olution (e.g., co-precipitation, [4, [15] [16] [17] [18] [19] sol-gelm ethod, [20] [21] [22] [23] modifiedP echini method, [24] [25] [26] emulsion drying [27] [28] [29] ), and solid-state methods in which the reactants are heat-treated directly after mixing (e.g.,c ombinational annealingm ethod, [30, 31] one-step solidstate method [32] [33] [34] ). Although the wet-chemistry methods are able to produce powders of high chemical homogeneity with an arrow size distribution at low annealingt emperatures, [3, 15] the synthesis procedures are rather complex and costly because of the long processing times and expensive precursor materials required. [3, 15] Conventional solid-state methods are less expensive and less complex. However, the high annealing temperatures and hindered ion mobility can lead to impurities and inhomogeneity. [3, 31, 33] Alternatively,t he molten Theh igh-voltage spinel LiNi 0.5 Mn 1.5 O 4 is one of the most promising candidates for use in high-energy-density lithiumion batteries. To investigate the influence of the synthesis methodand the resulting particle morphologyont he electrochemical performance, performanced egradation, and aging, different synthesis routes for LiNi 0.5 Mn 1.5 O 4 were evaluated in this study.I nhomogeneous transition metal cation intermixing and exposure to high temperatures durings ynthesis led to the formation of as mall amount of impurities,w hich had as evere impacto nt he electrochemical performance. Furthermore,t he particle morphology influences the electrolyte decomposition and the formationo ft he cathode electrolyte interphase (CEI) on the surface of particles.M oreover, transition metal dissolution was investigated by analyzing the Ni and Mn content in the electrolyte after constant current charge-discharge cycling. Theresults suggest that an unstable delithiated structure at high potentials leads to the dissolution of Mn andN ii nto the electrolyte,w hereas the particle morphology had only am inor influence on the extent of transition metal dissolution.
salt method based on salts with al ow meltingp oint is as imple technique that yields high purity powders because of the high diffusion rates in the molten media. [35] [36] [37] [38] [39] Different synthesis methods yield LNMOp articles that vary in morphology and purity,w hich influence the electrochemical performance and the aging mechanisms.
Generally,t wo LNMO phasesw ith different structures are known,t he nonstoichiometric LiNi 0.5 Mn 1.5 O 4Àd (space group Fd3 m)a nd the stoichiometric LiNi 0.5 Mn 1.5 O 4 (space group P4 3 32). TheN ia nd Mn atoms are distributed randomly in the 16d octahedrals ites of the disordered structure and are ordered regularly in the stoichiometric structure. [1, 3, 36, 40] Althought he ordereds tructure containso nly Mn 4+ + ,t he oxygen deficiency in the disordered structure leads to the formation of Mn 3+ + to maintain charge neutrality. [3, 41, 42] Theo xygenl oss occurs at annealing temperatures beyond 700 8Ca nd is accompanied by the formationo fi mpurities such as Li x Ni 1Àx O, which was claimed to be an intrinsic reaction to the system. [1, 3, 36, 40] With regard to the electrochemical performance,t he disordered structure outperformst he ordered structure,e specially at high rates.I nt his case,t he two-step phase change of the ordereds tructure leads to al arge number of phase boundaries that the Li + + ions have to overcome. [36, [40] [41] [42] [43] Therefore,t he Li + + ion transport requires more energy duringl ithiation/delithiation. [36] In contrast, the disordered structure (space group Fd3 m)m aintains its spinel structure reversibly during cycling because of the one-step phase change. [36] Consequently,t he bulk ionic conductivity benefitsf rom the reduced number of phase boundaries. [42] Moreover, it wasr eported that the oxygen deficiency in the disordered structure leads to ab etter electronic conductivity, as the electron transfer profits from additional hopping pathways in the presence of Mn 3+ + that improve the charget ransfer and rate capability. [41, 42, 44] Hence, even thought he oxygen deficiency is beneficial to the electrochemical performance, if the appropriate amount of Mn 3+ + is exceeded in the disordered spinel structure it can cause the disproportionationo f Mn 3+ + , [42] which promotesM nd issolution. Consideringt he different degradation effects of Mn-based spinel materials,t he capacity fadingo fL MO because of Mn dissolution into the electrolyte during cycling was studied extensively. [10, 12, [45] [46] [47] [48] [49] [50] [51] Mn dissolution is driven mainly by the disproportionation reaction, which implies the transformation of Mn 3+ + ions into soluble Mn 2+ + and as table Mn 4+ + compound. [45, 51] Thed isproportionation of Mn is hinderedi n LNMO because of the reduced Mn 3+ + content in the presence of Ni 2+ + .F urthermore,t he introduction of Ni leads to the enhanceds tability of the delithiated structure in the charged state [11] compared to that of LMO,w hich suffers from structural changes accompanied with the dissolution of Mn. [46] Additionally,during discharge at high rates,the fastlithiation of the active material leads to an accumulation of Li ions on the surface of the particles. [52] In LMO,t his can cause the average Mn valence to fall below + +3.5, and the onset of Jahn-Teller distortion leads to as pontaneous increase of the unit cell by 16 %. [53] Thep artial substitution of Mn by Ni 2+ + in LNMO impedes the Jahn-Teller distortion [42] by elevating the average Mn valence above + +3.5. However, transition metal dissolution can be observed from LNMO to ac ertain degree, which is because of the natural inhomogeneity of the crystals tructure. [54, 55] In addition, the high operating potentials lead to the oxidative decomposition of electrolyte components beyond 4.5 Vv s. Li/Li + + . [56] In this regard, it was reported that the surface morphology and structure have al arge influence on the formation of the mostly organic decompositionl ayer that is formed on the cathode surface, known as the cathode electrolyte interphase (CEI). [56] [57] [58] The control of the reactions at the cathode-electrolyte interface is key to ensure good electrochemical performance,a st he decomposition layer can become the most resistive component in the cell. [56] In this study,L NMO powders were synthesized by three different methods and investigated with regard to their electrochemical performance and aging behavior. Thes ynthesis methods, namely,c o-precipitation, molten salt method, and combinational annealing method, [30, 31] yieldL NMO particles with different purities and morphologies that lead to differences in the electrochemical performance.P ost-mortem analysis of the cycled electrodes showed variationsofthe passivation layer on the surface of the LNMOparticles.T he analysis of the electrolytea fter electrochemical cycling reveals, amongst typicale lectrolyte degradation products,ac ertain amounto fM na nd Ni that dissolved from the LNMOc athode.
Results and Discussion

Evaluation of different synthesis methods
To compare the different methodst os ynthesize LNMO, coprecipitation was chosen as ar epresentative wet-chemistry method,c ombinational annealing [30] as ar epresentative solidstate method, and the molten salt method is ap romising alternative synthesis procedure.D uring co-precipitation, the reactantsp recipitate simultaneously to form the Ni 0.25 Mn 0.75 (OH) 2 precursor with as toichiometric Ni/Mn ratio of 1:3. Theh omogeneous intermixing of the transition metal ions in the precursor facilitates the high purity of the synthesized LNMO. Thep articlesp roduced by co-precipitation are showni nF igure 1a and have an arrow size distribution of 500 nm to 1 mma nd as pecific surface area (S BET )o f 2.50 m 2 g
À1
.T he LNMOp articless ynthesized by the molten salt methoda re shown in Figure 1b .A saresult of the high mobilityo ft he reactants in the molten media, [35] this synthesis procedurey ields particles of high purity and crystallinity even thought he synthesis procedurei sl ess complex and time consuming than co-precipitation. Theo btained octahedral particles have ad iameter of roughly 1 mm, which leads to al ower S BET of 1.88 m 2 g
.C ompared to conventional solid-state methods,t he combinational annealing method benefitsf rom am odified heat treatment. Thes hort exposure to high temperatures and the subsequent annealingatamoderate temperature of 600 8Ci ss upposed to reduce the oxygenl oss and the amount of impurities and maintains the Energy Technol. 2016, 4, 1631-1640 2016 The Authors.P ublished by Wiley-VCH Verlag GmbH &Co. KGaA,W einheim disordered spinel structure simultaneously. [30] However, the combinational annealing route yields rather inhomogeneous particlesa nd agglomerates with S BET = 1.11m 2 g À1 (Figure 1c) .
XRD was used to characterize the crystals tructures of the synthesized LNMO powders ( Figure 2 ). All of the obtained diffraction patternsa re consistentw ith the expecteds pinel structure.S ome reflections assigned to impurities arev isible in the diffraction pattern of the powder synthesized by the combinational annealing method. Thep atternso ft he disordered and ordered spinel structure can be differentiated by additional peaks (2 q = 15.3, 39.7, 45.7, 57.5, 65.68)c aused by the superstructure in the stoichiometric P4 3 32 structure. [36] Thea bsence of the peaks observed by Kim et al. [36] confirm the disordered Fd3 m structure of the synthesized powders. Furthermore,t he oxygen deficiency in the disordered structure implies the presence of Mn 3+ + (0.66 ), which has al arger ionic radius than Mn 4+ + (0.54 )a nd leads to an increase of the latticep arameter. [36, [40] [41] [42] [43] [44] Therefore,t he evaluation of the diffraction patterns of the synthesized powders reveal ah igher Mn 3+ + content in the LNMO synthesized by the molten salt method [a = 8.185 (3) ]c omparedt oc o-precipitation [a = 8.168 (1) ]a nd the combinational annealing method[ a = 8.167 (1) ]. Theo xygen deficiency andt he accompanied Mn 3+ + content in the disordered structure is supposed to improve the electronic conductivitya nd, therefore, the charge transfer and rate capability. [41, 42, 44] However, the oxygenl oss at high annealing temperatures is accompanied by the formation of impurities such as Li x Ni 1Àx O, Ni x O, and (LiNiMn) x Ot hat can deteriorate the electrochemical performance. [22, 36, 40, 41] Thed iffraction pattern of the LNMO powder synthesized by the combinational annealingm ethod showsd istinctr eflections (marked by *) that are assumed to originate from impurities and are absent in the patterns of the materials synthesized by the molten salt and co-precipitation methods.C onsidering that very small amounts of impurities in the LNMO powders cannot be detected by using XRD,c ertain impurities may still be presenti nt he synthesized material.
Although XRD studies were performed to determine the overall space group of the analyzedb ulk material, Raman spectroscopy is sensitivet ot he local crystal structure and was used to investigate the surface of the LNMO particles synthesized by different methods. Spatially resolved Raman spectra were recordedf rom the surface of fresh electrodesa t several spots,a nd ar epresentative spectrum for each synthesis method is shown in Figure 3 . Particles synthesized by coprecipitation and the molten salt method show characteristic spectra of LNMO (Fd3 m)w ith ad istinct band at ñ = 642 cm À1 that was attributed to the octahedral MnÀOstretch-ing mode in the MnO 6 octahedra. [59, 60] As aresult of the presence of only minor amounts of Mn 3+ + in the synthesized powders,t he average Mn valence is close to + +4, which leads to less peak broadening comparedtothat of LMO with an average Mn valence of + +3.5. [59, 60] Furthermore,t he strong band at ñ = 501 cm À1 was assigned to the Ni 2+ +
ÀOs tretching mode, along with the bands at ñ = 410 and 414 cm À1 ,r espectively. [59] [60] [61] In the spectral range of ñ = 600-620 cm
,t he band splitting in two components becomesm ore pronounceda ccordingt ot he degree of cation ordering and, consequently, the spectrum of the stoichiometric P4 3 32 structure would reveal two distinctb ands in this range. [59, 60, 62] Moreover, the regularly ordered Ni and Mn atoms in the stoichiometric P4 3 32 structure lower the crystal symmetry,w hich leads to more active modes and results in two additional features in the spectral range of ñ = 200-250 cm
. [60] Amongst others, these bands are presenti nt he spectrumo fL NMOs ynthesized by the combinational annealing method ( Figure 3 ). Beyond that, the bands in the spectral range of ñ = 590-620 cm À1 deviate strongly from the spectra mentioned above. It was reported that the band at ñ = 596cm À1 is enhanced upon Ni substitution, which suggests that the Mn 4+ + ÀOv ibration is the main contribution to this band. [59, 60] Additionally, this mode increases upon delithiation to become the strongest band of the spectrum of delithiated LMO (Li 0.5 Mn 2 O 4 ) as reportedb yJ ulien et al. [60] Considering that the band at ñ = 596 cm À1 was the strongest contribution to multiple spectra recorded of the surface of the electrodeb ased on LNMO synthesized by the combinational annealingm ethod, the presenceo faLi-deficient structure is reasonable.F urthermore,t he well-defined separation of the tripleta tñ = 596, 617, and 646 cm À1 indicates an integer cation valence distribution that contains Li + + ,N i 2+ + ,a nd Mn 4+ + . [60] Then ew feature at ñ = 443 cm À1 cannot be assigned to ad istinct mode with certainty. However, it might originate from aN i ÀOs tretching vibration (ñ = 400-600 cm À1 )a so bserved in the Raman spectra of Ni(OH). [61, 63] Overall, the spectrum of LNMOs ynthesized by the combinational annealing methodr eveals aw ell-ordered but Li-deficient crystals tructure on the surface of the particles that might deteriorate the electrochemical performanceb ym eans of blocked Li-diffusion paths. Conversely,t he spectra of LNMO synthesized by co-precipitation and the molten salt method show the expecteda nd well-resolved bands of LNMOinthe Fd3 m structure.
Laser-assisted atom probe tomography measurements of the LNMOp articles synthesized by the molten salt method were performed by Maier et al. [64] This methodhas the ability to perform a3 Dc haracterizationa nd reconstructiono f LNMO samples on an atomic level in ar ange of approximately 100 nm 3 .T he evaluation of the local chemical composition revealed the presence of an impurity phase adjacent to the LNMO phase within as ingle particle.T he results suggest the presence of small amounts of aN i-rich and Li-free (NiMn) x O y impurity in the LNMOp owders synthesized by the molten salt method. As imilar Ni-rich impurity was observedr ecently by Boesenberg et al. [65] by using X-ray absorption near-edge spectroscopy (XANES) measurements. However, Boesenberg et al. claimedt hat the Ni-rich impurity phase evolved during cycling instead of during synthesis, which leads to an inactive impurity phase.Acomprehensive study on the characterization method and the analyzed impurity phase is given in Ref. [64] .
Electrochemical performance of the LNMO electrodes in threeelectrode laboratory cells
Thee lectrochemical performanceo ft he LNMOp owders synthesized by the co-precipitation, molten salt, and combinationala nnealingm ethods were investigated as aw orking electrode( WE) in lab cells versus aL im etal counter electrode (CE). Thepotential of the WE vs.Li/Li + + was measured against aL ir eferencee lectrode (RE).B yu sing an excesso f cyclable Li and electrolyte,t he investigations focus solely on the performanceo ft he LNMOe lectrode and the degradation effects on its surface.F urthermore,t he produced LNMO powders were processed in the same way to ensure that any determination of variations does originate from the active material only.A tl east four cells were investigated for each material, and the obtained discharge capacities are plotted in Figure 4f or one representativee xample each. The electrochemical performance shows significant differences that dependo nt he synthesis method, especially for the electrodes based on LNMOp articles synthesized by the combinational annealing method. Thel ow discharge capacity of these electrodes reconfirms the importance of the composi- tion of the pristinem aterial and the severe impacto fi mpurities on the electrochemical performance. [3, 36, 40] High annealing temperatures,w hich are applied for as hort time within the combinationala nnealingm ethod, can lead to an increased oxygenr eleasea nd the formation of an inactive Li x Ni 1Àx Or ock-salt phase and aN i-poor spinel phase as proposed by Zhong et al. [22] Even though the oxygenr elease/ uptakei ss upposed to be reversible to ac ertain degree during cooling, [36, 41, 42] the formationo fs table inactive phases that block Li-diffusion paths may cause the poor performance observed.F urthermore,t he poor intermixing of the cations in the solid-state precursorc an deteriorate the distribution of Ni and Mn during the formation of the spinel phase.T he comparablys mall capacity fadingd uring cycling originates from the poor initial capacity, which implies shortterm exposure to high potentials.T his leads to reduced degradation and aging caused by electrolyted ecomposition and an accompanying increase of the impedanceb ecause of the formation of aCEI. Thee lectrodes basedo nt he LNMOp articles synthesized by co-precipitation and the molten salt methods how similar discharge capacities over aw ide range. Thei nitial capacity increase of the molten salt electrodes in the first 15-20 cyclesa fter formation might originate from an ongoings tructural opening and reordering of the 3D spinel structure in the bulk of the larger LNMO particles.T he additional insertion/extraction of Li ions leads to larger capacities because of an increasing fractiono fe lectrochemicallya ctive Li sites in the LNMO particle. Thea lmostl inear capacity fading of the electrodes made from the materials prepared by the molten salt and the co-precipitation methodu pt oa pproximately 150 cycles indicates ac ontinuous degradation mechanism probably associated with the oxidatived ecomposition of the electrolyte on the surface of the LNMOp articles and the accompanyingi ncreaseo ft he internal impedance.T he increased capacity fading observedf or the material synthesized by co-precipitation after approximately 150 cycles is supposed to originate from morphological differences between the electrodes basedo nd ifferentL NMO materials synthesized by the co-precipitation and molten salt methods.
Post-mortem analysis of the LNMO electrode surface after constant current cycling Thec ycling at aC -rate of 1C was stopped after 100 and 250 cycles,r espectively,t os ubsequently performacomprehensivep ost-mortem analysis of the aged LNMO electrodes. SEM was used to investigate morphological changes on the surface of the cathodes( Figure 5 ). As ar esult of the high potentialsa pplied during cycling,t he oxidative decomposition of the electrolytel eads to the presence of electrolyte degradation products and the formationo faCEI. Thee lectrolyte decomposition productst hat form at high potentials were reported recently by Weber et al. [66] and Kraft et al. [67] After 100 cycles,t he primaryd eposition of decomposition products can be observed on the surface of the LNMOp articles synthesized by co-precipitation and the molten salt method. However, the surface of the LNMO particles synthesized by the combinational annealing methods hows only as mall amounto fC EI products,a se xpected. Considering the electrode surfaces after 250 cycles,t he co-precipitation electrode surface shows as trong increaseo fe lectrolyte decomposition products,w hich implies electrolyte loss and an increase of internal impedance.T he reduced amounto fd ecomposition Figure 5 . SEMi magesoff resh and agedLNMOe lectrodes synthesized by co-precipitation, the molten salt method, and the combinational annealing method. The aged electrodes were taken fromcells cycled with aC -rate of 1Cfor 100 and 250 cycles, respectively,afterformation.
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2016 The Authors.P ublished by Wiley-VCH Verlag GmbH &Co. KGaA,W einheim productso bserved on the surface of the LNMO electrode implies ag reater capacity fading and enhanced electrolyte degradation for the co-precipitation electrodea tc ycle numbers above 150. As ar esult of the predominant octahedral morphology of the LNMOp articles synthesized by the molten salt method, the surface consists mainly of (1 11) facets. [41] Apart from the superiorp roperties with regard to Li + + transport, [41] the high stability of the (1 11)s urface leads to ar educed strain during lithiation/delithiation and the formation of at hin passivationl ayer at an early stage. [58] In contrast, the LNMO particles synthesized by co-precipitation could suffer from anisotropic strain because of the irregular surface morphologya nd accompanying surface defects that could also lead to at hicker decompositionl ayer. [58] As the SEM investigationsa re focusedo nasmall fraction of the electrodes urface,t he coverage of the LNMO particles by electrolyted ecompositionp roducts was furthera nalyzed by using X-ray photoelectron spectroscopy (XPS).
XPS wasu sed to determine the CEIt hicknessb ye valuating the Mn in the electrodes based on the LNMOs ynthesized by co-precipitation and the molten saltm ethod. As ar esult of the formation of the CEI on the surface of the LNMO particles during cycling,t he Mn amount detected in the XPS spectra is reduced.T he average CEI layer thickness was calculated according to the work of Niehoff et al. [68] ( Figure 6 ). Fort he first 250 cycles ac ontinuous growth of the CEI layer is indicated, as alreadys uggested by the SEM investigations.T he co-precipitation methodl eads to as lightly lower CEI thickness at 100 cycles of (1.1 AE 0.1) nm compared to the CEI thickness of the material obtained by the molten salt method of (1.5 AE 0.2) nm ( Figure 6 ). However, the difference in the particle size,t hat is,t he specific surface area of the LNMO powders,h as to be considered. Assuming au niform coverage of the active material, the degradation of the electrolyteo nt he surface of the LNMOp articles synthesized by the molten salt method( S BET = 1.88 m 2 g
À1
)i sv ery similar to that of the material prepared by co-precipitation (S BET = 2.50 m 2 g À1 )b ecause of the approximately 25 %l ower specific surface area. Thee nhanced electrolyte decomposition observed by using SEM for the co-precipitation electrodes after 250 cycles is reflected by the significantlyi ncreasedC EI thickness of (4.2 AE 0.1) nm determined by using XPS.T his explains the increased capacityf ading of the co-precipitation electrodes after approximately 150cycles that originates from severe electrolyte decomposition and the accompanied growth of the CEI layer leading to an increased internal resistance and capacity loss.H owever, the CEI growth on the molten salte lectrodes appearst ob es lower after 100 cycles suggestingthe formation of am ore stable CEI layer, which is in agreementw ith the XPS results for the CEI thickness of (2.6 AE 0.3) nm after 250 cycles.
Analysiso ft he transition metal dissolution intothe electrolyte during constantc urrent cycling
Inductively coupledp lasma-optical emission spectroscopy (ICP-OES) was performed to investigate the Ni and Mn content dissolved into the electrolyte during cycling. Dissolved transition metals may partly redeposit on the cathode and deposit on the anode surface or in the solid electrolyte interphase (SEI) [69] after migration through the separator. Therefore,t he determined amount of transition metals represents the content of ions that are still dissolved in the electrolyte after ac ertain number of cycles. Ther esults from the ICP-OES measurements after 100 and 250 cycles are shown in Figure 7 . Thel ow content of Ni andM nd etermined for the electrolyteo ft he cells that include electrodes basedo n LNMO synthesized by combinational annealing is in line with the small achievable capacity and the associated shortterm exposure to high potentials at which the most degradation is expected to take place.F urthermore,t he integer cation valence distribution on the surface of the particles determined by using Raman spectroscopy indicates ah igh stability against transition metal dissolution because of the presence of Mn 4+ + exclusively.T he electrodes based on LNMO from co-precipitation and the molten salt methods how as lightly increased amount of transition metals for higher cycle numbers,h owever,w ithin as imilar range of concentration. Preliminary investigationso nt ransition metal dissolution from electrodes based on LNMO synthesized by the molten saltm ethod revealed ag radual increaseoft he Ni and Mn contenti nt he electrolyte for the first 100 cycles.H ence, it was demonstrated thatt he transition metal content in the electrolyteo riginates from ap rogressive degradation mechanism instead of the detection of ac onstanta mounto fd issolvedt ransition metals.A sar esult of the presence of Mn 3+ + in the disordered spinel, ad isproportionation reaction that leads to the dissolution of Mn is reasonable.T oc omparet he amount of Mn 3+ + in the synthesized LNMOp articles, the potential profiles of the cycled electrodes were evaluated. The potential plateau at 4V vs.L i/Li + + can be assigned to the Mn 3+ + /Mn 4+ + redox couple, [3, 36] and the correspondingf raction of the discharge capacity was determined in the potential range of 3.8-4.2 Vv s. Li/Li + + .T he electrodes basedo n LNMOs ynthesized by the combinational annealingm ethod were not evaluated because of the poor electrochemicalp er- Figure 6 . AverageCEI thickness of fresh and agedLNMOe lectrodes synthesized by co-precipitation and the molten salt method determined by evaluating the detected Mn content in the XPS spectra. The aged electrodes were cycled with aC -rate of 1Cfor100 and 250 cycles, respectively. formance. Potential profiles of the samples prepared by coprecipitation, molten salt and combinational annealing are shown in Figure 8f or the first cycle after the formationp rocess.Ac omparison of the capacityf raction attributed to Mn 3+ + /Mn 4+ + revealed ah igher contento fM n 3+ + in the molten salt electrodes compared to the co-precipitation electrodes. Thea mount of Mn 3+ + in the solid material does not correlate with the amount of dissolved Mn as the detected amounts of Mn in the electrolyte are in the same range for bothe lectrodes.N otably,t he higher amounto fM n 3+ + in the LNMO particles synthesized by the molten salt method originates from an oxygend eficiency in the spinel structure that leads to an improved rate capability and charge transfer during electrochemical cycling. [41, 42, 44] Considering the presence of both Mn and Ni in the electrolyte,t he dissolution caused by an unstable delithiated structure at high potentials is more likely,a s reportedf or LMO and LNMOb yW ang et al. [46] and Pieczonka et al., [55] respectively.F urthermore,t he created Li vacancies can lead to the migration of transition metals in the presence of oxygend eficiencies and natural inhomogeneity in the crystal structure,w hich might facilitate the dissolution into the electrolyte.V ariations in the Mn 3+ + content of the LNMO particless ynthesized by the molten salt method for the optimization of the electrochemical performancew hile simultaneously reducingt he transition metal dissolution are currently under investigation. Ther eduction of Mn dissolution into the electrolyte is of special interest because of the detrimental interactions of the Mn ions with the SEI on carbonaceousanodes. [12, 47, [70] [71] [72] [73] [74] Conclusions Different methods to synthesize LiNi 0.5 Mn 1.5 O 4 (LNMO) were evaluated withr egard to particle morphologya nd crystal structure,t he effect on the electrochemical performance, and the accompanying aging behavior. Thep oor electrochemical performance of the LNMOp articles synthesized by the combinational annealing method reconfirms the severe impacto fs mall amounts of impurities on the electrochemical behavior. Furthermore,R aman spectroscopy revealed ah ighly ordered but Li-deficient phase on the surface of the particles that might block Li pathsl eading to ap oor electrochemical performance.C o-precipitation produced highly pure LNMO with ap article size of up to 1 mma nd an irregular surface morphology.T he surface morphology influences the surface chemistry with regard to electrolyte decomposition and cathode electrolyte interphase (CEI) formation. Theh igh specific surface area and rough morphology of the LNMO particless ynthesized by co-precipitation lead to enhancede lectrolyted ecomposition and ac ontinuously growing CEIl ayer. Consequently,t he increasing internal impedance and electrolyteloss leads to significantc apacity fading. In contrast, the octahedral LNMOp articles synthesized by the molten salt method showedagood electrochemical performancea nd ar educed impact on aging. Theh igher Mn 3+ + content,d etermined by using XRD and by analysis of the charge-discharge potential profiles, improved the electronic conductivityand, therefore,the chargetransfer, ratecapability,a nd the overall electrochemical performance.T hus,d espite the larger particle size and the accompanying longer diffusionp aths the particles synthesized by the moltens alt methods how similar discharge capacities compared to the smaller particles synthesized by co-precipitation. Thep redominant (1 11)f acets of the octahedral particlesf acilitate the formation of at hin and stable CEI layer as observedb y SEM and XPS.F urthermore,t he transition metal dissolution was investigated by analyzing the Ni and Mn contenti nt he aged electrolyte by using ICP-OES.T he similar amounts of Ni and Mn suggest am inor influence of the particle morphology and specific surface area on transition metal dissolution. Am ajor contribution to the dissolution caused by an unstable delithiatedstructure at high potentials is reasonable. Moreover, the difference in the Mn 3+ + content in the LNMO particless ynthesized by the molten salt method did not lead to the dissolution of larger amounts of Mn compared to LNMO prepared by co-precipitation,w hiche xcludest he disproportionation reaction as the main reason for the transition metal dissolution. As ar esult of the detrimental interaction of dissolved transition metal ions with the solid electrolyte interphase on carbonaceousa nodes,f urther measurements with regard to the reduction of transition metal dissolution and the improvemento ft he electrochemical performance are currently under investigation.
Experimental Section LNMO synthesis
LNMO particles were synthesized by three different methods. Thea nnealing step was performed by using aN abertherm P330 muffle furnace for all methods.
Co-precipitation:S toichiometric amounts (Mn/Ni = 3:1) of Ni(CH 3 COO) 2 ·4 H 2 O( ! 99 %, Acros) and Mn(CH 3 COO) 2 ·4 H 2 O (! 99 %, Aldrich) were dissolved in distilled water to prepare a2m transition metal dissolution. Thec o-precipitation was performed by adding the transition metal dissolution dropwise into a2 m LiOH solution (! 98 %, Sigma-Aldrich) under constant stirring and an Ar atmosphere to prevent oxidation. Thef ormed Mn 0.75 Ni 0.25 (OH) 2 precursor was stirred for 12 hb efore washing and filtration with distilled water to remove residual LiOH. The dried precursor material (2 equiv.) was mixed thoroughly with LiOH (1.05 equiv.) by using ab all mill. LiOH was applied with an excess of 5% to compensate for evaporation at temperatures beyond 700 8C. [75] Thep owder was pre-annealed at 500 8Cf or 5h with ah eating rate of 10 Kmin À1 and cooling was executed without temperature control. Theo btained powder was pressed into pellets for the final annealing at 800 8Cf or 15 hw ith ah eating rate of 5Kmin À1 and no temperature control during cooling.
Molten salt method:L iOH (! 98 %, Sigma-Aldrich), Ni(OH) 2 (! 98 %, ABCR), and MnO 2 (99 %, Sigma-Aldrich) were mixed thoroughly by ball milling in the stoichiometric Li/Ni/Mn ratio of 2:1.05:3 (5 %e xcess of Li to compensate evaporation at T > 700 8C [75] ). Thep recursor was mixed in am ortar with the salt that represents the flux (molten salt) in aw eight ratio of precursor/salt = 1:2. Fort his purpose am ixture of LiCl (! 98 %, Fluka) and NaCl (! 99.8 %, Sigma-Aldrich) was used in amolar ratio of 1:1. Them ixture was annealed in ac overed crucible for 15 ha t 800 8C. Theh eating rate was 5Kmin
À1
,a nd no temperature control was used during cooling.A fter annealing the obtained powder was washed with distilled water to remove residues of the salts.
Combinational annealing method:T he combinational annealing method was applied as reported by Fang et al. [30, 31] with minor variations.L i 2 CO 3 (! 98 %, Fluka), Ni(OH) 2 (! 98 %, ABCR), and MnO 2 (99 %, Sigma-Aldrich) were mixed thoroughly by ball milling in the stoichiometric ratio of Li/Ni/Mn = 2:1.05:3 (5 % excess of Li to compensate for evaporation at T > 700 8C [75] ). The mixture was heated in ac rucible to 900 8C( heating rate: 10 Kmin À1 )a nd then cooled directly to 600 8C( cooling rate: % 10 Kmin
)f or ac onstant temperature treatment for 15 h. The cooling took place without temperature control.
SEM
SEM was used to investigate the surface morphology of the synthesized particles and changes on the surface of the electrodes after electrochemical cycling. Multiple areas per sample were analyzed by using an Auriga CrossBeam workstation from Zeiss. Thee lectrochemically aged electrodes were washed twice with dimethyl carbonate (DMC) to remove residues of the electrolyte in an Ar-filled glovebox before analysis.T he samples were investigated without additional treatment at an acceleration voltage of 3kV.
N 2 adsorption
N 2 adsorption measurements were performed by using an ASAP 2020 device by Micromeritics at 77 K. Thev olumetric adsorption measurements were started after degassing at 110 8Ca nd ap ressure below 13 mbar for 5h.T he recorded isotherms were analyzed to determine the S BET of the synthesized powders with the BET model. [76] Powder XRD
XRD measurements were performed to analyze the structural properties of the synthesized LNMO powders by using aB ruker D8 Advance with CuK a radiation (l = 0.15418 nm) at 2 q = 10-808.T he recorded XRD patterns were refined using TOPA S Academic Ver. 4.1 software,t od etermine the lattice parameters. Furthermore,i tw as used to distinguish between reflections that can be attributed to the LNMO spinel phase and impurities.
Raman spectroscopy
Raman spectroscopy measurements were performed by using aL abRAM HR Evolution Raman spectrometer from Horiba .A fter preliminary investigations,t he acquisition time was set to 90 10 sf or the best signal-to-noise ratio.S everal LNMO particles were investigated on the surface of fresh electrodes to obtain reliable data.
Constant currentc harge-discharge cycling of the synthesized powders in laboratory cells
All produced LNMO powders were processed into electrodes in the same way to ensure the same conditions for the electrochemical performance investigations.
Electrode preparation:L NMO,t he conductive agent (Super P, Timcal), and the PVdF binder (Solef) were dissolved in Nmethyl-2-pyrrolidone (NMP,9 9.8 %, Roth) to obtain as olid content of 40 %i nt he slurry.T he mass ratio was set to LNMO/ SuperP/PVdF = 90:5:5. Thes lurry was coated on an Al current collector by using an applicator (ZUA2 000, Zehntner) with ag ap width of 200 mma taspeed of 50 mm s
À1
.A fter predrying at 80 8C, the electrodes were dried under vacuum for 2h at 120 8Ci nag lass oven (B-585, Büchi). To improve the contact between the active material, the conductive agent, and the current collector, the dry electrodes were pressed with 8tfor 15 s.
Constant current charge-discharge cycling was performed by using T-cells with at hree-electrode setup using Li metal as the counter and reference electrodes.Asix-fold separator (2190 Freudenberg) was soaked with an electrolyte that consisted of ethylene carbonate and diethyl carbonate (EC/DEC = 3:7wt%) with 1 m LiPF 6 purchased from UBE. Tw of ormation cycles were performed with aC -rate of 10 Ci nap otential range of 3.5-4.9 V vs.L i/Li + + before constant current cycling in the same potential range with aC -rate of 1Cfor 100 and 250 cycles,r espectively.
XPS
XPS was conducted by using an Axis Ultra DLD (Kratos,U K). Thea nalysis conditions were as follows:( 1) Am onochromatic AlK a source (hn = 1486.6 eV) with a1 0mAf ilament current and 12 kV filament voltage source energies;( 2) An emission angle of 08;( 3) Ap ass energy of 20 eV; (3) An analysis area of around 700 mm 300 mm; (4) To compensate for the charging of samples, ac harge neutralizer was used;( 5) Samples were held in the vacuum chamber overnight to get rid of electrolyte residues; (6) All experiments were conducted in the discharged state; (7) Sample transfer was completed without air contact;( 8) XPS fitting was completed with the CasaXPS software (Version 2.3.16 PR 1.6, Casa Software Ltd.,U K). TheC1s CÀH/CÀCp eak was chosen as the internal standard for the binding energy calibration (BE = 284.5 eV). Fore ach XPS sample,a tl east five measurement spots per sample were selected to test reproducibility.
ICP-OES
AS pectro ARCOS ICP-OES (Spectro Analytical Instruments, Kleve,G ermany) instrument with axial plasma viewing was used for element determination. Astandard Fassel type torch (Spectro Analytical Instruments) was employed. Fors ample introduction, the peristaltic pump of the system with ac ross-flow nebulizer and ad ouble-pass spray chamber (Scott type) was used. Ni and Mn emissions were detected at three different individual emission lines simultaneously.T he operating conditions for ICP-OES measurements are shown in Table 1 . 
